45 Mammalian TET enzymes oxidize 5-methylcytosine to 5-hydroxymethylcytosine and 46 higher oxidized derivatives. TETs are targets of the enzyme OGT, which post-translationally 47 modifies intracellular proteins in response to cellular nutrient status. The biological implications 48 of the OGT-TET interaction have not been thoroughly explored. Here, we show for the first time 49 that modification of TET1 by OGT enhances its activity in vitro. We identify a previously 50 uncharacterized domain of TET1 responsible for binding to OGT and report a point mutation 51 that disrupts the OGT-TET1 interaction. Finally, we show that the interaction between TET1 and 52
120mL Superdex 200 column (GE Healthcare). Positive fractions were pooled, concentrated, 133 flash frozen in liquid nitrogen and stored at -80C in small aliquots. 134 135
Overexpression in HEK293T cells and immunoprecipitation 136 Mouse Tet1 catalytic domain (aa1367-2039) and truncations and mutations thereof 137
were cloned into the pcDNA3b vector. GFP fusion constructs were cloned into the pcDNA3.1 138 vector. Human OGT constructs were cloned into the pcDNA4 vector. Plasmids were transiently 139 transfected into adherent HEK293T cells at 70-90% confluency using the Lipofectamine 2000 140 transfection reagent (ThermoFisher) for 1-3 days. 141
Full-length mouse Tet1 and mutations thereof were cloned into the pCAG vector. 142
Plasmids were transiently transfected into adherent HEK293T cells at 70-90% confluency using 143
the PolyJet transfection reagent (SignaGen) for 1-3 days. Recombinant protein binding assay 164 20uL reactions containing 2.5uM rOGT and 2.5uM rTET1 CD wt or D2018A were 165 assembled in binding buffer (50mM Tris pH 7.5, 100mM NaCl, 0.02% Tween-20) and pre-166 incubated at room temperature for 15 minutes. TET1 antibody (Millipore 09-872) was bound to 167 magnetic Protein G Dynabeads (Invitrogen), and beads added to reactions following pre-168 incubation. Reactions were bound to beads for 10 minutes at room temperature. Beads were 169 washed 3 times with 100uL binding buffer, and bound proteins were recovered by boiling in 170 SDS sample buffer and analyzed by SDS-PAGE and coomassie stain. 171 172
Western blots 173
For western blot, proteins were separated on a denaturing SDS-PAGE gel and 174 transferred to PVDF membrane. Membranes were blocked in PBST + 5% nonfat dry milk at 175 room temp for >10 minutes or at 4C overnight. Primary antibodies used for western blot were: 176 FLAG M2 monoclonal antibody (Sigma Aldrich F1804), OGT polyclonal antibody (Santa Cruz 177 sc32921), OGT monoclonal antibody (Cell Signaling D1D8Q), His6 monoclonal antibody (Thermo 178 MA1-21315), and JL8 GFP monoclonal antibody (Clontech). Secondary antibodies used were 179 goat anti-mouse HRP and goat anti-rabbit HRP from BioRad. Blots were incubated with Pico 180
Chemiluminescent Substrate (ThermoFisher) and exposed to film in a dark room. 181 182
Slot blot 183
Prior to dilution of genomic DNA samples, biotinylated E. coli gDNA was added as a 184 loading control (see below In vitro TET1 CD O-GlcNAcylation 216
In vitro modification of rTET1 CD with rOGT was performed as follows: 10uL reactions 217 containing 1uM rTET1 CD, 10uM rOGT, and 2.5mM UDP-GlcNAc were assembled in reaction 218 buffer (50mM Tris pH 7.5, 12.5mM MgCl2, 2% glycerol, 1mM DTT) and incubated at 37C for 30-219 60 minutes. 220
221
In vitro TET1 CD activity assays  222  20uL reactions containing 100ng biotinylated, methylated lambda DNA, rTET1 CD (from  223  frozen aliquots or from in vitro O-GlcNAcylation reactions), and TET cofactors (1mM alpha-224 ketoglutarate, 2mM ascorbic acid, 100uM ferrous ammonium sulfate) were assembled in 225 reaction buffer (50mM HEPES pH 6.5, 100mM NaCl) and incubated at 37C for 1 hour. Reactions 226 were stopped by incubation at 65C for 5 minutes, then cooled slowly to room temperature to 227 allow re-annealing of DNA. DNA was digested to fragments <10kb and purified using DNA clean 228 and concentrator kit (Zymo). 5hmC content was analyzed by slot blot. 229 230
Generation of mouse embryonic stem cell lines 231 mESC lines ( Fig. S4A, B ) were derived using CRISPR-Cas9 genome editing. A guide RNA to 232 the Tet1 3'UTR was cloned into the px459-Cas9-2A-Puro plasmid using published protocols [29] 233 with minor modifications. Templates for homology directed repair were amplified from Gene 234
Blocks (IDT) (Tables S1 and S2). Plasmid and template were co-transfected into LF2 mESCs using 235
FuGENE HD (Promega) according to manufacturer protocol. After two days cells were selected 236 with puromycin for 48 hours, then allowed to grow in antibiotic-free media. Cells were 237 monitored for green or red fluorescence (indicating homology directed repair) and fluorescent 238 cells were isolated by FACS 1-2 weeks after transfection. All cell lines were propagated from 239 single cells and correct insertion was confirmed by PCR genotyping (Fig. S4A, B , Table S1 ). 240 241
Immunofluorescence 242
For IF experiments, cells were cytospun onto glass slides at 800rpm for 3 minutes. For 243 5mC or 5hmC staining alone, cells were fixed in 3:1 methanol:acetic acid for 5 minutes. For co-244 staining for 5hmC and FLAG, cells were fixed in 4% paraformaldehyde for 10 minutes. Fixed 245 slides were washed with PBS + 0.01% Tween-20 (PBST) and stored in 70% ethanol at -20C until 246 use. 247
Fixed slides were incubated in 1M HCl at 37C for 45 minutes to denature chromatin, 248 then neutralized in 100mM Tris pH 7.6 at room temperature for 10 minutes. For the dot blot, genomic DNA was isolated from larvae at 30hpf by phenol-chloroform 283 extraction and ethanol precipitation. Following RNase treatment and denaturation, 2-fold 284 serially diluted DNA was spotted onto nitrocellulose membranes. Cross-linked membranes were 285 incubated with 0.02% methylene blue to validate uniform DNA loading. Membranes were 286 blocked with 5% BSA and incubated with anti-5hmC antibody (1:10,000; Active Motif) followed 287 by a horseradish peroxidase-conjugated antibody (1:15,000; Active Motif). Signal was detected 288 using the ECL Prime Detection Kit (GE). 289 290
Reproducibility and Rigor 291
All immunostaining, IP-Westerns, and genomic DNA slot blot data are representative of 292 at least three independent biological replicates (experiments carried out on different days with 293 a different batch of HEK293T cells or mESCs). For targeted mESC lines, three independently 294 derived lines for each genotype were assayed in at least two biological replicates. For in vitro 295 activity and binding assays using recombinant proteins (representing multiple protein 296 preparations), data represent at least three technical replicates (carried out on multiple days). 297
The zebrafish rescue experiment was performed five times (biological replicates), with dot blots 298 carried out three times. We define an outlier as a result in which all the controls gave the 299 expected outcome but the experimental sample yielded an outcome different from other 300 biological or technical replicates. There were no outliers or exclusions. 301 302 303
Results 304 305
OGT enhances TET activity in vitro and in cells 306
TETs have been implicated in localizing OGT to chromatin, however a role for OGT in 307 regulation of TETs has not been fully explored. To examine whether OGT can regulate activity of 308 a TET protein, we employed recombinant enzymes to assess the effects of OGT on TET1 activity. 309 We purified recombinant mouse TET1 catalytic domain (rTET1 CD, aa1367-2039) from sf9 cells 310 and recombinant human OGT (rOGT; identical to mouse at 1042 of 1046 residues) from E. coli 311 ( Fig. S1 ). rTET1 CD catalyzed formation of 5hmC on an in vitro methylated lambda DNA 312 substrate, dependent on the presence of the TET cofactors alpha-ketoglutarate, Fe 2+ , and 313 ascorbic acid ( Fig. S2 ). Incubation of rTET1 CD with rOGT and OGT's cofactor UDP-GlcNAc 314 resulted in O-GlcNAcylation of rTET1 CD (Fig. 1A) . Modified rTET1 CD produced more 5hmC 315 than unmodified rTET1 CD ( Fig. 1B, C) , indicating that OGT stimulates the activity of the TET1 CD 316 in vitro. 317
To examine whether OGT affects TET activity in a more biological context, we assessed 318 the effects of altering OGT levels in mESCs. These cells express TET1 and TET2 [33] and the 319 proteins that remove 5fC and 5caC and replace them with unmodified cytosine. Thus increased 320
TET activity should manifest as decreased 5mC and 5hmC. We examined levels of 5mC and 321 5hmC in mESCs overexpressing OGT ( Fig. 1D ) by immunofluorescence ( Fig. 1E ) and by slot blot 322 of genomic DNA (Fig. 1F) . These experiments clearly show that overexpression of OGT reduces 323 the levels of both 5mC and 5hmC, consistent with increased TET activity oxidizing 5hmC to 5fC 324 and 5caC. These results are consistent with OGT stimulation of TET activity in mESCs. 325 326
A short C-terminal region of TET1 is necessary for binding to OGT 327
To examine whether OGT regulates TET1 activity in vivo, it is necessary to specifically 328 disrupt the TET1-OGT interaction. All three TETs interact with OGT via their catalytic domains 329 [26, 27, 34] . We sought to identify the domain within the TET1 CD responsible for binding to 330
OGT. The TET1 CD consists of a cysteine rich N-terminal region necessary for co-factor and 331 substrate binding, a catalytic fold consisting of two lobes separated by a spacer of unknown 332 function, and a short C-terminal region also of unknown function ( Fig. 2A ). We transiently 333 transfected HEK293T cells with FLAG-tagged mouse TET1 CD constructs bearing deletions of 334 each of these regions, some of which failed to express ( Fig. 2B ). Because HEK293T cells have 335 low levels of endogenous OGT, we also co-expressed myc-tagged human OGT. TET1 constructs 336
were immunoprecipitated (IPed) using FLAG antibody and analyzed for interaction with OGT. 337 We found that deletion of only the 45 residue C-terminus of TET1 (hereafter TET1 C45) 338
prevented detectable interaction with OGT ( Fig. 2C , TET1 CD del. 4). To exclude the possibility 339 that this result is an artifact of OGT overexpression, we repeated the experiment 340 overexpressing only TET1. TET1 CD, but not TET1 CD ΔC45, interacted with endogenous OGT, 341
confirming that the C45 is necessary for this interaction (Fig. S3 ). 342
OGT has two major domains: the N-terminus consists of 13.5 tetratricopeptide repeat 343 (TPR) protein-protein interaction domains, and the C-terminus contains the bilobed catalytic 344 domain ( Fig. 2D ). We made internal deletions of several sets of TPRs to ask which are 345 responsible for binding to the TET1 CD. We co-transfected HEK293T cells with FLAG-TET1 CD 346
and His6-tagged OGT constructs and performed FLAG IP and western blot as above. We found 347
that all the TPR deletions tested impaired the interaction with TET1 CD, with deletion of TPRs 7-348 9, 10-12, or 13-13.5 being most severe ( Fig. 2E ). This result suggests that all of OGT's TPRs may 349 be involved in binding to the TET1 CD, or that deletion of a set of TPRs disrupts the overall 350 structure of the repeats in a way that disfavors binding.
352
Conserved residues in the TET1 C45 are necessary for the TET1-OGT interaction 353 An alignment of the TET1 C45 region with the C-termini of TET2 and TET3 revealed 354 several conserved residues (Fig. 3A) . We mutated clusters of three conserved residues in the 355 TET1 C45 of FLAG-tagged TET1 CD ( Fig. 3B ) and co-expressed these constructs with myc-OGT in 356
HEK293T cells. FLAG pulldowns revealed that two sets of point mutations disrupted the 357 interaction with OGT: mutation of D2018, V2021, and T2022, or mutation of V2021, T2022, and 358 S2024 (Fig. 3C, mt1 and mt2 ). These results suggested that the residues between D2018 and 359 S2024 are crucial for the interaction between TET1 and OGT. We mutated these residues 360
individually and found that D2018A eliminated detectable interaction between FLAG-tagged 361 TET1 CD and myc-OGT ( Fig. 3D ). 362
To examine whether D2018 was necessary for the TET1-OGT interaction in the context 363 of full length TET1, we generated a D2018A mutation in both copies of the Tet1 gene in mESCs 364 ( Fig. S4A, B) . A FLAG tag was also introduced onto the C-terminus of wild type or D2018A 365 mutant TET1. FLAG pulldowns revealed that the D2018A mutation reduced, but did not 366 eliminate, co-IP of OGT with TET1 ( Fig. 3E ). This reduction of OGT was consistent in multiple 367 experiments and across multiple independently derived cell lines ( Fig. S4C ). In mESCs, TET1 and 368
OGT are found together in high molecular weight complexes [25] and interactions of TET1 and 369
OGT with other proteins in these complexes may be sufficient to support some TET1-OGT 370
interaction when D2018 is mutated (see discussion). 371 372
The TET1 C-terminus is sufficient for binding to OGT 373 Having shown that the TET1 C45 is necessary for the interaction with OGT, we next 374 examined if it is also sufficient to bind OGT. We fused the TET1 C45 to the C-terminus of GFP 375 ( Fig. 4A ) and investigated its interaction with OGT. We transiently transfected GFP or GFP-TET1 376 C45 into HEK293T cells and pulled down with a GFP antibody. We found that GFP-TET1 C45, but 377 not GFP alone, bound OGT (Fig. 4B) , indicating that the TET1 C45 is sufficient for interaction 378 with OGT. 379
To determine if the interaction between TET1 CD and OGT is direct, we employed 380 recombinant proteins in pulldown assays using beads conjugated to a TET1 antibody. We found 381 that wild-type rTET1 CD, but not beads alone, pulled down OGT, indicating a direct interaction 382 between these proteins (Fig. 4C ). rTET1 CD D2018A did not pull down rOGT, consistent with our 383 mutational analysis in cells. Then we used an in vitro transcription/translation extract to 384 produce GFP and GFP-TET1 C45, incubated each with rOGT, and found that the TET1 C45 is 385 sufficient to confer binding to rOGT (Fig. 4D ). The D2018A mutation was also sufficient in this 386 context to prevent OGT binding (Fig. 4D) , consistent with the behavior of this mutant in cells. 387
Together these results indicate that the TET1-OGT interaction is direct and mediated by the 388 TET1 C45. 389 390 TET1 D2018A is active in HEK293T cells 391
The D2018A mutation lies outside the catalytic fold, suggesting that this mutation is 392
unlikely to affect TET1 activity. Consistent with this suggestion, in human TET2 the region 393 homologous to TET1 C45 is dispensable for catalytic activity in vitro [35] . To test whether full 394 length TET1 D2018A is catalytically active, we examined its activity in cells. FLAG-tagged full-395 length wild type or D2018A TET1 were transfected into HEK293T cells, which express low levels 396 of OGT and of all three TETs, facilitating a more direct comparison of the two TET1 constructs. 397 Western blot confirmed that the two proteins were expressed at comparable levels (Fig. 5A ). 398
Immunostaining for FLAG and 5hmC showed that wild type and D2018A TET1 both exhibited 399 nuclear localization (Fig. 5B ). While mock transfected HEK293T cells showed very low levels of 400 5hmC, consistent with their low expression of TETs and OGT, wild type or D2018A TET1 each 401 caused increased production of 5hmC (Fig. 5B) . A slot blot assay on genomic DNA from these 402 cells confirmed that comparable levels of 5hmC were observed in wild type and D2018A TET1 403 transfections (Fig. 5C ). These results indicate that the D2018A mutation does not notably impair 404
TET1's catalytic activity. 405 406
The TET-OGT interaction promotes Tet1 function in the zebrafish embryo 407 We used zebrafish as a model system to ask whether the D2018A mutation affects TET 408 function during development. rescue is OGT interaction-dependent. To this end, tet2/3 DM embryos were injected with wild 419 type or D2018A mutant encoding Tet1 mRNA at the one cell stage. At 30 hours post 420 fertilization (hpf) embryos were fixed and the presence of runx1 positive HSCs in the dorsal 421 aorta was assessed by in situ hybridization (Fig. 6A ). Tet1 wild type mRNA significantly 422 increased the percentage of embryos with high runx1, while Tet1 D2018A mRNA failed to 423 rescue runx1 positive cells ( Fig. 6A-B ). We also performed dot blots with genomic DNA from 424 these embryos to measure levels of 5hmC ( Fig. 6C ). Embryos injected with wild type Tet1 mRNA 425 showed a modest increase in 5hmC relative to uninjected tet2/3 DM embryos, while injection of 426 TET1 D2018A mRNA did not show an increase. These results suggest that the OGT-TET1 427 interaction promotes both TET1's catalytic activity and its ability to rescue runx1 expression in transcriptional regulators in a site-specific manner (Fig. 7) . 495 496
A connection between metabolism and the epigenome 497
OGT has been proposed to act as a metabolic sensor because its cofactor, UDP-GlcNAc, 498
is synthesized via the hexosamine biosynthetic pathway (HBP), which is fed by pathways 499 metabolizing glucose, amino acids, fatty acids, and nucleotides [23]. UDP-GlcNAc levels change 500 in response to flux through these pathways [50-52], leading to the hypothesis that OGT activity 501 may vary in response to the nutrient status of the cell. Thus the enhancement of TET1 activity 502 by OGT and the significant overlap of the two enzymes on chromatin [25] suggest a model in 503
which OGT may regulate the epigenome in response to nutrient status by controlling TET1 504 activity (Fig. 7) . 505 506 507
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Fig. 4: The TET1 C45 is sufficient for interaction with OGT in cells and in vitro 836
A) Schematic of the TET1 C45 fusion to the C-terminus of GFP. B) GFP and OGT western blot of 837 inputs and GFP IPs from HEK293T cells transiently expressing GFP or GFP-TET1 C45. C) 838
Coomassie stained protein gel of inputs and TET1 IPs from in vitro binding reactions containing 839
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Untargeted Tet1 wt-3xF-T2A-tdTomato   gcagaccgggagtgtcctgatgtatcccccgaagccaatttatcacaccaaattccttctcgagttgcatcaacctt  aacccgagacaatgttgttaccgtgtccccatactctctcactcatgttgcgggaccatacaatcgttgggtcgact  acaaagaccatgacggtgattataaagatcatgatatcgattacaaggatgacgatgacaagggaagcggagag  ggcagaggaagtctgctaacatgcggtgacgtcgaggagaatcctggacctgtttccaaaggggaggaagtcatt  aaggaatttatgaggttcaaagtgcgcatggagggatctatgaacggccacgaatttgagatagaaggcgaagg  cgagggaaggccctacgagggcactcagactgctaagctgaaagtaactaagggtggtcctctgcctttcgcctg  ggatatcctgtcaccccagtttatgtacggtagtaaagcttatgtgaagcatcccgctgatatacctgactataaaa  aactgtccttcccagagggcttcaagtgggagcgagtaatgaactttgaagatggtggactggttaccgttaccca  agattcatctttgcaggacggaacattgatctacaaggtcaagatgcggggcactaacttcccacccgacgggcc  agtcatgcagaagaagactatgggctgggaagctagtactgagcgactctaccctagagatggtgtcttgaaagg  ggagattcatcaagcactgaaattgaaagacggcggtcattacctcgtcgaattcaaaaccatatacatggccaa  aaagcctgtgcaactgccagggtattattatgtcgacacaaaactcgatataaccagccataatgaagattatacc  atagtcgaacaatatgaacgctctgaaggacgacatcatttgttcttgggacatgggactggatccacaggatccg  gttcctctggaacagcatcctccgaagacaataatatggccgtaataaaagaattcatgcgattcaaagtgagaat  ggaaggaagtatgaatggtcacgagtttgaaatcgagggagaaggagagggtcggccctatgagggtacacag  acagctaagttgaaggttactaagggcggccctcttccctttgcttgggatattctctccccacaattcatgtacggg  tccaaggcttacgtaaaacatcccgctgatatacccgattacaaaaaactgtccttccccgaaggctttaaatggg  aaagggtgatgaatttcgaggacgggggattggtaactgtcacacaggattcctctcttcaagatggaacactgat  ttacaaggtaaaaatgagagggaccaactttccccctgatgggcccgtgatgcaaaagaaaaccatgggctggg  aagcatctaccgagagactttatcccagggacggcgttcttaagggagagattcaccaagctttgaaacttaagg  atggaggtcactacctcgtggagtttaagacaatatatatggcaaaaaaaccagtccaactccccggatactatta  cgttgataccaaactggacataacttctcataacgaggactacactatagtggaacaatatgaacgctctgagggt  cgacaccaccttttcctgtatggaatggatgaactgtataagtagtaaaagcttctctcatgtaatgcatttgctaat  gtggtgtagtgggtatttttgtttgtttgtttgttttcttttgtttttttgttttttccggtgctgttaaaaagaaagtcatt  ctgttgtttactgtagctttgtttcgcccatttc  Tet1 D2018A-3xF-T2A-tdTomato   gcagaccgggagtgtcctgatgtatcccccgaagccaatttatcacaccaaattccttctcgagttgcatcaacctt  aacccgagccaatgttgttaccgtgtccccatactctctcactcatgttgcgggaccatacaatcgttgggtcgact  acaaagaccatgacggtgattataaagatcatgatatcgattacaaggatgacgatgacaagggaagcggagag  ggcagaggaagtctgctaacatgcggtgacgtcgaggagaatcctggacctgtttccaaaggggaggaagtcatt  aaggaatttatgaggttcaaagtgcgcatggagggatctatgaacggccacgaatttgagatagaaggcgaagg  cgagggaaggccctacgagggcactcagactgctaagctgaaagtaactaagggtggtcctctgcctttcgcctg  ggatatcctgtcaccccagtttatgtacggtagtaaagcttatgtgaagcatcccgctgatatacctgactataaaa  aactgtccttcccagagggcttcaagtgggagcgagtaatgaactttgaagatggtggactggttaccgttaccca  agattcatctttgcaggacggaacattgatctacaaggtcaagatgcggggcactaacttcccacccgacgggcc  agtcatgcagaagaagactatgggctgggaagctagtactgagcgactctaccctagagatggtgtcttgaaagg  ggagattcatcaagcactgaaattgaaagacggcggtcattacctcgtcgaattcaaaaccatatacatggccaa  aaagcctgtgcaactgccagggtattattatgtcgacacaaaactcgatataaccagccataatgaagattatacc  atagtcgaacaatatgaacgctctgaaggacgacatcatttgttcttgggacatgggactggatccacaggatccg  gttcctctggaacagcatcctccgaagacaataatatggccgtaataaaagaattcatgcgattcaaagtgagaat  ggaaggaagtatgaatggtcacgagtttgaaatcgagggagaaggagagggtcggccctatgagggtacacag  acagctaagttgaaggttactaagggcggccctcttccctttgcttgggatattctctccccacaattcatgtacggg  tccaaggcttacgtaaaacatcccgctgatatacccgattacaaaaaactgtccttccccgaaggctttaaatggg  aaagggtgatgaatttcgaggacgggggattggtaactgtcacacaggattcctctcttcaagatggaacactgat  ttacaaggtaaaaatgagagggaccaactttccccctgatgggcccgtgatgcaaaagaaaaccatgggctggg  aagcatctaccgagagactttatcccagggacggcgttcttaagggagagattcaccaagctttgaaacttaagg  atggaggtcactacctcgtggagtttaagacaatatatatggcaaaaaaaccagtccaactccccggatactatta  cgttgataccaaactggacataacttctcataacgaggactacactatagtggaacaatatgaacgctctgagggt  cgacaccaccttttcctgtatggaatggatgaactgtataagtagtaaaagcttctctcatgtaatgcatttgctaat  gtggtgtagtgggtatttttgtttgtttgtttgttttcttttgtttttttgttttttccggtgctgttaaaaagaaagtcatt  ctgttgtttactgtagctttgtttcgcccatttc 
